Absiract. Resuits are presented which demonstraie ine existence of unambiguous three-dimensional quantum confinement of phonons within crystallites of the Il-VI semiconductor CdSe, which were prepared by t h e method of diffusive growth within a doped glassmatrix.Theconfinement was investigated by meansof Ramanscattering from zone centre longitudinal optical (LO) phonons. These Raman spectra illustrate LO phonon peaks showing a low-energy shifl and broadening with decreasing crystallite size. The experimental measurements are compared with a theoretical model of phonon confinement which includes a size distribution parameter. The experimental results are in good agreement with the predictions of this model. Surface vibrational modes and the effects of hydrostatic pressure from t h e glass matrix do not appear to be of significance i n the samples investigated.
Introduction
The properties of low-dimensional structures is an area of research that has attracted considerable international attention. This attention stems both from the fundamental interest in the novel physical properties of such systems and from their potential practical application when incorporated within electronic and optoelectronic devices [l-51. Quasi two-dimensional systems, quantum wells, can be produced to a high degree of precision by semiconductor growth techniques and have found numerous applications in electronic devices.
The extension of low-dimensional systems t o quasi one-dimensional structures (quantum wires) and quasi zero-dimensional structures (quantum dots) has proved more difficult for reasons of fabrication, which often involves high-resolution electron beam lithography [6, 71. An alternative approach to the fabrication of quantum dots involves the precipitation and growth of crystallites within a highly saturated solution of their component atoms or ions [SI. In the case of CdSe crystallites grown within a glass matrix, the saturated solution is a borosilicate glass doped with cadmiumand selenium-containing compounds. Different growth temperatures and growth times allow the sizes of the crystallites to be controlled in a systematic manner. These parameters (temperature and time) allow the preparation of crystallites whose sizes can be varied from a few nanometres up to several hundred nanometres, giving an aimost unique system in which to study t 
where AF is the change in the free energy of the system when a crystallite of radius r forms (/3 and y are constants). The first term, which represents the decrease in the free energy when a crystallite forms, is, in this approximation, proportional to the number of atoms in the crystallite and hence its volume. The atoms at the surface, being less tightly bound, do not decrease the free energy by as much as atoms within the volume of the crystallite and so a second term, proportional to the surface area of the crystallite, is added to crudely model this effect. The parameters fi and y both vary as functions of temperature. At the melting point of the corresponding bulk material any crystallite formation will result in a decrease in the free energy and hence, at this temperature, w i l l be zero. At lower temperatures there will be a tendency for crystallites to form and decrease the free energy of the system. As the temperature is increased will become increasingly positive. Hence, a series of curves of the crystallite radius (see figure 1 ). At any given temperature (below the bulk melting point) there exists a critical radius, r.. Crystallites smaller than this critical size are hindered in their growth by an be supplied thermally, the crystallites will decrease the free energy of the system by 'redissolving' into the glass matrix. This represents the initial processing step in the formation of the samples discussed in this paper. A glass whose Raman scattering characteristics revealed it to contain CdSe crystallites (based upon commercially available Schott optical filter glass) was heated at 11 50 'C, increasing the critical radius to a size larger than that of the crystallites within the glass, for 30 min. The free energy of the system. The samples were then cooled rapidly to room temperature, 'freezing' the glass in the form of a highly saturated solid solution of Cd and Se ions containing no crystallites. After this 'clearing' stage me ume-uupea grass IS V I S I O I~ iransparcnr anu no iunger~ possesses its characteristic deep red colour, which arises from the optical absorption of the crystallites. At room temperature the activation energy (AF), for crystallite growth is small, but the low amount of thermal energy avaiiaDie IS msuiiicicnt tu surinuunL LIIIS eucrgy uai~rier and the glass remains in this crystallite-free condition. Alternatively, this can be viewed in terms of low diffusion coefficients of the species at room temperature preventing crystallite formation over normal time periods. The crysiaiii[cs are tnen regrown uy ncaung IUC sample iur a period of time typically within the temperature range 600-700 "C. At these temperatures there is sufficient thermal energy to overcome the activation energy and produce the spontaneous formation of crystallites larger than the critical size. These crystallites will then reduce the free energy of the system by continuing to grow. As might be expected, within the temperature range of crystallite growth, a higher temperature or longer growth period will result in samples containing larger crystallites. ... centre. This is the phonon which will participate in first-order Raman scattering processes. The spatial confinement, via a relationship of the uncertainty principle type, results in Iight scattering from a nominally 'zone centre' phonon whose wavevector has an 'uncertainty' Aq and whose energy has an 'uncertainty' Ao.
Thus, the phonon's spatial confinement would be expected to result in a broadening of the Raman scattering features, reflecting the 'uncertainty' in its energy. The additional lower-energy components within the confined phonon's wavefunction would be expected to result in a preferential broadening towards the lower-energy side of the Raman scattering peak, resulting in an asymmetric spectrum. In addition the phonon peak would be expected to shift towards lower energies with increasing spatial confinement. as lower-energy bulklike phonons are incorporated into the wavefunction describing the nominally zone centre confined phonon. A simple quantitative theory will now be described which has been suggested as a model for phonon confinement within a number of systems introduce an envelope function to modulate the bulk phonon wavefunction in order to describe phonon confinement within a crystallite.
Thus, a confined phonon of wavevector qo would be described by the wavefunction of equation (2) WO, 4 = W ( M q o , 4 expCiqo*4
(2) where W(r) is the envelope function spatially confining the phonon within the crystallite and U has the periodicity of the lattice. Following Fauchet [14] . a modulating function of the form given in equation (3) will be used. This is appropriate for spherical crystallites and has been found, with M = 2nZ, by Campbell and Fauchet [13] to best describe the confinement within a wide range of crystallite systems (3) where a is the radius of the crystallite. The confined phonon's wavefunction is then expressed as a Fourier expansion of 'bulk-like' wavefunctions. Each of these 'bulk-like' wavefunctions, of which the confined phonon is composed, is assumed to scatter light to produce a Lorentzian-type spectrum of a width characteristic of the corresponding bulk crystal. The overall Raman spectrum is then given by the 'sum' of these contributions weighted according to the amplitude of each 'bulk-like' component. This is expressed in equation (4), in which qo has been set equal to zero since only scattering from zone centre phonons (or the nearest phonon to a zone centre phonon which can exist within a finite crystallite) will participate in the Raman scattering processes observed in the following experiments where I(w,a) is the Raman scattering spectrum, as a function of wavenumber, for crystallites of radius a, o(q) is the phonon dispersion curve [15] and r,, is the linewidth of the Raman scattering peak in the corresponding b u k crystal. For the confinement function ofequation (3) the amplitudes of the Fourier components, C, are given by Figure 3 illustrates the predicted Raman spectra of crystallites as their sizes are reduced. A broadening and low-energy shift are evident as the crystallites become smaller, in agreement with the simple qualitative model of phonon confinement discussed earlier.
The size distribution of crystallites grown within a glass matrix is typically 10-20%. The effect of a crystallite size distribution on the phonon confinement can be introduced into the present model according to
I(w) = r(w, a ) N ( a ) da (6)
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where the size distribution, N(a), will be assumed to be These theoretical results will now be compared with Raman scattering spectra from CdSe crystallites in glass. When comparing the model's predictions with experimental measurements the curve of figure 5 is particularly useful as it does not depend upon the value used for a, and is therefore a very appropriate test of the validity of the model. In addition it allows the comparison with experimental results to be performed in the 81 0
Results and discussion
The Raman scattering spectra of the samples of table 1 were measured at room temperature using standard Raman scattering and photon counting techniques, with excitation from the 488 nm line of an argon ion laser using a constant excitation power for each sample. low-energy shift and broadening in the Raman scattering peak in obvious qualitative agreement with the description of phonon confinement, based on the uncertainty principle. Figure 7 compares the theoretical prediction (for zero crystallite size distribution) of figure 5 with the experimentally measured characteristics of samples P1 to P8. Also included in this diagram is a size axis indicating the crystallite sizes from the model which correspond to the calculated curve. These sizes are dependent on the value of z used in the model. In this diagram the plotted phonon energy shifts (downward in energy) are relative to the position of the phonon peak in sample P1 which was at 208 c n -I . This compares with the reported LO phonon position in CdSe of 210 cm-'. Increasing the growth temperature or growth period of the crystallites was not found to cause any further shift in the LO phonon peak compared with that of P1. It was therefore concluded that 208 cm-I represented the bulk position for these samples. The discrepancy between this value and that reported for bulk CdSe possibly results from some impurity being incorporated into the crystallites or the phonon's coherence length, for larger crystallites, being determined by defects within the crystallites (for smaller crystallites the coherence length is determined by the crystallite sizes). This figure illustrates a very good agreement between the sample characteristics and the simple phonon confinement model.
Given the experimental precision, indicated by the error bars in figure 7 , a detailed comparison between the experimental points and the series of curves in figure 5 is not justified. However, it can be seen that the confinement characteristics for the smaller crystallites could be reproduced more closely by including a crystallite size distribu:ion. The precise nature of the theoretical predictions does, however, depend upon the chosen form of the confinement function (equation (3) ). Therefore, ascribing the detailed (-200cm-') and the CdS-like LO phonon (-300 cm-').
confinement characteristics within the smaller crystallites to a size distribution can only be done very tentatively.
The observed phonon shifts cannot be explained by the preferential incorporation of sulphur into crystallites at certain growth temperatures. In the samples investigated no CdS-like LO phonon features were observed, indicating that any sulphur present is incorporated into the crystallites in very small quantities (such impurity-level sulphur incorporation possibly explains the CdSe LO phonon peak for the larger crystallites being at 208 cm-I). In addition, decreasing the growth temperature of sulphur-containing crystallites decreases the level at which sulphur is incorporated relative to selenium [lo] . This produces a high-energy shift in the phonon energy rather than the low-energy shift observed experimentally [16]. Figure 8 illustrates the Raman spectra of CdSe,S, _ x crystallites produced at different growth temperatures. The relative intensities of the CdS-like and CdSe-like LO phonons indicate the preferential incorporation of sulphur at higher growth temperatures.
The excitation intensity used in the measurements was sufficiently low to allow effects due to heating from the excitation source to be eliminated as causes of the observed shifts and broadening. Even if such heating was present at significant levels it would have the opposite effect to that observed. Thelarger crystallite samples have their absorption edges shifted to longer wavelengths, relative to the smaller crystallite samples, and therefore absorb more light at the excitation wavelength (488 nm). Hence these larger crystallite samples would be subject to greater heating, shifting their phonon peaks down in energy. For the samples offigure 7, the smaller crystallite samples have phonon peaks shifted downward in energy relative to the larger crystallite samples.
The effects of hydrostatic pressure on the crystallites from the glass host can also he similarly discounted as producing the observed shifts. Scamarcio et al [ll] report that stress is the dominant phonon shifting effect in their samples of CdSe,S, _ * microcrystallite-doped glass, producing a high-energy phonon shift with decreasing crystallite size. This has not been observed in any of the samples investigated in this work. The reasoa for this qualitative discrepancy is an area where further work remains to be conducted. It is suggested that the reason for this discrepancy may ultimately be found to lie in differences in the compositions of the glass hosts which may, for example, give rise to different thermal expansion properties and hence different levels of stress applied to the embedded crystallites. It cannot, however, he ruled out that differences in the crystallite growth rates may also be responsible. . Whether such surface modes are present would depend upon the nature of the glasssemiconductor interface, in particular whether the surface is free to vibrate or whether it is 'clamped' by the surrounding glass host, which may depend upon the composition of the glass host material. It is possible that weak unresolved surface mode peaks are present and contribute to the low-energy tail of the Raman spectra.
The asymmetry of the Raman spectra presented is, it is suggested, a result of phonon confinement and is adequately described by the confinement model. The contribution of surface mode behaviour to the observed spectra in all the samples studied can be of no more than secondary importance.
Conclusion
This paper has presented clear red shifts in the energy of zone centre LO phonons when three-dimensionally confined within CdSe crystallites embedded within a borosilicate glass matrix. The experimental observations are qualitatively and quantitatively consistent with a simple model of phonon confinement. The effects of hydrostatic pressure from the glass matrix. stoichiometry variation between crystallites in different samples and surface mode vibrations have been discounted as major contributing factors in the experimental observations presented. In addition to the fundamental interest associated with such confinement there are also practical implications for possible future electronic devices which may incorporate quasi zero-dimensional structures. Interactions between electrons and confined phonons may differ significantly from those in bulk lemiconductors, influencing the carrier recombination dynamics which are often of critical importance in electronic devices. This paper has presented a study of the fundamental optical properties ofsuch three-dimensionally confined phonons.
